The Bacillus subtilis cell wall is a dynamic structure, composed of peptidoglycan and teichoic acid, that is continually remodeled during growth. Remodeling is effected by the combined activities of penicillin binding proteins and autolysins that participate in the synthesis and turnover of peptidoglycan, respectively. It has been established that one or the other of the CwlO and LytE D,Lendopeptidase-type autolysins is essential for cell viability, a requirement that is fulfilled by coordinate control of their expression by WalRK and SigI RsgI. Here we report on the regulation of cwlO expression. The cwlO transcript is very unstable, with its degradation initiated by RNase Y cleavage within the 187-nucleotide leader sequence. An antisense cwlO transcript of heterogeneous length is expressed from a SigB promoter that has the potential to control cellular levels of cwlO RNA and protein under stress conditions. We discuss how a multiplicity of regulatory mechanisms makes CwlO expression and activity responsive to the prevailing growth conditions.
P
eptidoglycan, one of the principal components of the Grampositive bacterial cell wall, is made of glycan strands crosslinked by short peptides. The glycan strands are composed of alternating N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc) residues that vary in length among bacteria, averaging between 50 and 250 disaccharide units in bacilli (1) . Peptide cross-links also vary in length and composition and often contain atypical amino acids. Peptidoglycan forms a flexible multilayered mesh-type structure outside the cytoplasmic membrane that contributes to cell shape, resists turgor pressure, and provides a platform for exposure of surface proteins. However, the cell wall is a dynamic structure that is continually remodeled during growth and division. Remodeling such a chemically complex structure while maintaining its integrity implies highly coordinated cell wall metabolic activity in the cytoplasmic and extracellular compartments.
Murein hydrolyases (autolysins) play a pivotal role in remodeling the cell wall during growth and division. Bacillus subtilis encodes approximately 35 autolysins with a range of enzymatic activities sufficient to cleave all peptidoglycan bonds (1, 2) . Establishing the cellular role of each autolysin is hampered by significant redundancy at the enzyme activity level. For example, B. subtilis encodes seven D,L-endopeptidases, CwlO, LytE, CwlS, LytF, PgdS, YkfC, and YqgT (3). However, the motifs associated with the enzymatic domains differ, suggesting that each performs a distinct cellular role. The complexity of relationships between autolysins with similar enzymatic activity can be illustrated by the CwlO and LytE D,L-endopeptidases. The CwlO N-terminal domain is unique among autolysins and is required for interaction with the FtsEX ATP transporter that controls CwlO enzymatic activity (4, 5, 6) . The LytE N-terminal domain is composed of three LysM motifs that are commonly found in variable number among autolysins (7, 8) . CwlO and LytE can be individually deleted with only a slight phenotypic consequence: lytE null mutants are somewhat thinner than wild-type (WT) cells and form longer chains, whereas cwlO null mutants are wider than wild-type cells and can be somewhat bent (5) . The cwlO and lytE genes are synthetically lethal, showing that the activity of one or the other enzyme is required for cell viability and that their cellular roles overlap (9, 10) . However, CwlO and LytE can be distinguished by several attributes. CwlO is primarily involved in cell elongation and requires interaction with the membrane-located FtsEX ATP transporter-like complex and ATP hydrolysis for activity (4, 5, 6, 9) . It is thought that this control mechanism restricts CwlO endopeptidase activity to the membrane-proximal region of the cell wall. Moreover, CwlO function requires the Mbl isoform of the actin-like cytoskeletal proteins for activity (5) . LytE is involved in both elongation and cell division and appears to predominate under stress conditions (7, 11, 12) . There are no reported additional protein requirements for LytE activity, but normal cellular function requires the MreBH isoform of the actin-like cytoskeletal proteins (13) . Thus, while these two D,L-endopeptidases clearly perform overlapping central roles in cell elongation, there are nuanced differences in their cellular function.
Complex regulation of CwlO expression and activity might be expected in view of its pivotal role in cell wall elongation. Recent studies report control at the levels of transcription initiation and enzyme activity (5, 6, 9, 14) . CwlO expression is activated by the WalRK two-component signal transduction system (TCS), its only known transcriptional regulator (Fig. 1A) . Promoter activity of cwlO is high for a short period after inoculation of cells into fresh medium, is maintained at an intermediate level during exponential growth, and is reduced to Ͻ5% of maximal activity when cells enter stationary phase (15) . Since WalRK is active only in exponentially growing cells, such control restricts CwlO expression to this cellular state, consistent with its proposed role in cell elongation. While all autolysins have the potential to disrupt cell wall integrity with lethal consequences, the multiplicity of con- trols on CwlO expression and enzymatic activity suggests that it poses an especial hazard to cell viability. The requirements for association with FtsEX and ATP hydrolysis plus its dependence on the actin-like Mbl isoform probably combine to restrict CwlO D,L-endopeptidase activity to the inner layer of the cell wall at specific positions along the cell cylinder (5, 6) . Such control of CwlO enzyme activity also ensures that when released from the cell, the protein is inactive and unable to hydrolyze the outer layers of its own cell wall or that of adjacent bacteria.
Several features of the cwlO locus suggest that expression is subject to additional regulation. The cwlO mRNA has a 187-nucleotide (nt) leader sequence with the potential to form secondary structure (Fig. 1B) . Two noncoding RNAs (ncRNAs) have been reported at this locus (Fig. 1A) : ncr2639 extends over the leader sequence and into the 5= end of the structural gene on the sense strand, while shd107 extends over the 3= end of the structural gene and terminator region on the antisense strand (16, 17) . Furthermore, there is a putative SigB promoter located downstream of the cwlO terminator with the potential to transcribe an antisense cwlO transcript (Fig. 1A) (15, 18) .
Here we report that CwlO expression is regulated at the level of RNA stability. The cwlO RNA transcript is highly unstable due to RNase Y cleavage within the 187-nucleotide leader sequence. Moreover, the level of cell-associated and secreted CwlO protein increases when CwlO expression is elevated by transcript stabilization. We discuss how a multiplicity of transcriptional and posttranscriptional controls can make CwlO expression responsive to the growth and environmental conditions.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . The oligonucleotides used in this study are listed in Table S1 in the supplemental material. Escherichia coli strain TG1 (19) was used for routine cloning. Strain EC101 (20) was used for propagating pGhost plasmids and strain BL21(DE3) for protein overproduction. E. coli strains were grown and maintained on Luria-Bertani (LB) medium with addition of ampicillin (100 g/ml) as required. B. subtilis strains were grown in LB medium, high-phosphate defined medium (HPDM), or low-phosphate defined medium (LPDM) (21) . Antibiotics were added when required at the following concentrations: chloramphenicol, 4 g/ml; erythromycin, 2 g/ml (to select for integrants) or 150 g/ml (to verify insertion of erm into the chromosome); spectinomycin, 100 g/ml; and kanamycin, 10 g/ml. Growth was monitored using a UVmini-1240 UV-visible spectrophotometer (Shimadzu Instruments).
Strains and plasmids. To establish the contribution of the leader sequence to expression, we constructed a series of strains containing transcriptional fusions of the cwlO promoter, and of the cwlO promoter plus increasing amounts of leader sequence, with the gfpmut3 reporter gene. A DNA fragment carrying the cwlO promoter was amplified by PCR with primers yvcEF and yvcEdelLEADtscpR and cloned into plasmid pBaSysBioII following the ligation-independent cloning (LIC) procedure described by Botella et al. (22) , generating plasmid pDN2021. Strain DN2021 was generated by integration of pDN2021 into the chromosome of wild-type strain 168 by a single-crossover event. To construct strains with the cwlO promoter plus increasing lengths of the leader sequence, plasmids pDN2070 to -2073 were constructed in a similar manner (i.e., with LIC-based cloning into pBaSysBioII) using primer pairs yvcEF/PyvcEdel1revLICtscp, yvcEF/PyvcEdel2revLICtscp, yvcEF/PyvcEdel3revLICtscp, and yvcEF/PyvcEdel4revLICtscp, respectively. Plasmids pDN2070 to -2073 were individually transformed into wild-type strain 168 to generate strains DN2070 through DN2073, in which the gfpmut3 reporter gene is expressed from the cwlO promoter only (DN2021, 238 bp of promoter DNA) and the cwlO promoter plus 53 bp (DN2070), 115 bp (DN2071), 141 bp (DN2072), and 167 bp (DN2073) of the leader sequence.
A markerless deletion of the cwlO leader sequence was generated by a procedure described previously (23) . DNA fragments flanking the leader region (to be deleted) were amplified by PCR using primer pairs yvcEleadlacZF/PyvcEdelpGhupR (upstream fragment) and PyvcEdelpGhdwnF/ PyvcEdelpGhdwnR (downstream fragment) and were then fused together by overlapping PCR using the flanking primer pairs (yvcEleadlacZF and PyvcEdelpGhdwnR). This fragment was then restricted with HindIII and EcoRI, ligated into pGHost4 that was similarly restricted, and transformed into E. coli strain EC101 to generate plasmid pDN3000. The pDN3000 plasmid was then transformed into B. subtilis wild-type strain 168, and the procedure of Biswas et al. (23) was followed to generate strain DN3000, containing a 141-bp markerless deletion within the cwlO leader sequence. This construct was verified by PCR. This strategy was also used to make strain DN3005, which contains a markerless deletion of the cwlO leader sequence in the LS047 strain background.
A similar approach was taken to delete the putative SigB-type promoter that drives expression of a cwlO antisense RNA. DNA fragments flanking the 32-base-pair SigB promoter-containing region (to be deleted) were generated by Phusion-mediated PCR using primer pairs yvcE_AS promoter up fwd (B)/yvcE_AS promoter up rev (upstream fragment) and yvcE_AS promoter do fwd/yvcE_AS promoter do rev (H) (downstream fragment). These fragments were fused by strand overlap PCR using the yvcE_AS promoter up fwd (B)/yvcE_AS promoter do rev (H) primer pair. This fragment was then restricted with BamHI-HindIII, cloned into BamHI-HindIII-restricted pGHost4, and transformed into E. coli strain EC101 to propagate plasmid pLIS010. Deletion of the SigB-type promoter from the chromosome of wild-type strain 168 was performed as described by Biswas et al. (23) to generate strain LS047, which was verified by PCR.
The pGhost4-based strategy of Biswas et al. (23) was employed to generate markerless in-frame deletions of regions within the N-terminal domain of the CwlO protein. The polyserine domain (extending from amino acid S295 to S340) was deleted by this procedure using primer pairs DPSyvcEUPF/DPSyvcEUPR (upstream flanking DNA fragment) and DPSyvcEdwnF/DNPSyvcEdwnR (downstream flanking DNA fragment), generating plasmid pDN3020 and strain DN3020, which has the desired deletion. This strategy was also used to generate strain DN3021 with an in-frame deletion of 288 amino acids in the amino-terminal domain of CwlO (the 45-amino-acid polyserine domain and 243 amino acids upstream of this domain) using primer pairs DNTyvcEUPF/DNTyvcEUPR (upstream flanking DNA fragment) and DNPSyvcEdwnF/DNPSyvcEdwnR (downstream flanking DNA fragment) to generate the plasmid pDN3021.
Strains LS090, DN3015, and DN3022 were generated by transforming strains LS047, DN3000, and DN3020, respectively, with a 2.5-kb DNA fragment (⌬lytE::cat) generated by PCR amplification of chromosomal DNA from strain LS089 with the primer pair lytEupfwd/lytEdorev. regions present in the transcriptional fusions. (C) Sequence of the cwlO promoter, leader sequence, and beginning of the open reading frame. The Pribnow box and initiation point of transcription (ϩ1) are shown in black, the promoter sequence is shown in red, the WalR recognitions sequences are overlined, and the regions of the leader sequence used in the transcriptional analysis are shown in blue, green, orange, and purple. (D) The regions of the leader sequence designated in panels B and C were fused to a promoterless gfpmut3 reporter gene and expression determined by measuring GFP activity throughout a phosphate limitation cycle. The sequence composition of the promoter-plus-leader region used in each transcriptional fusion is indicated by colored lines over each graph. A representative growth curve is shown in panel v. Time is in minutes after culture inoculation.
The procedure described by Bloor and Cranenburgh (24) was employed to delete amino acids 52 to 102 (CwlO⌬N1) and 231 to 288 (CwlO⌬N3) within the N-terminal CwlO domain. DNA fragments flanking the N1 region (to be deleted) were generated by PCR using primer pairs cwlON1delUPFb/cwlON1delUPR (upstream fragment) and cwlON1delDWNF/cwlON1delDWNRb (downstream fragment). Likewise, DNA fragments flanking the N3 region (to be deleted) were generated by PCR using primer pairs cwlON3delUPFb/cwlON3delUPR and cwlON3delDWNF/cwlON3delDWNRb. These pairs of fragments were fused with a cassette containing the cat gene, encoding resistance to chloramphenicol, flanked by dif sites, amplified from plasmid template pDG1661 with the primer pair catdifffwd/catdiffrev, and transformed into B. subtilis wild-type strain 168, integrating into the chromosome by a double-crossover event, thereby replacing the region to be deleted with 168 cwlO::⌬leader P cwlO gfp generated using pBaSysBioII pDN2021 ¡ 168 DN2070
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168WT cwlO::pDN2073 partial deletion of cwlO leader sequence P cwlO gfp generated using pBaSysBioII pDN2073 ¡ 168 DN3000 Deletion of 141 nucleotides from the cwlO leader sequence Insertion/excision of pDN3000 in strain168 DN3005
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Deletion of CwlO polyserine domain (⌬S295-S340 inclusive) using pGhost4 the antibiotic cassette. Selected integrants were grown in the absence of antibiotic for 24 h, streaked onto LB plates, and screened for antibiotic sensitivity, generated by excision of the antibiotic cassette. Deletion of CwlO regions N1 (strain DN3025) and N3 (strain 3027) was verified by diagnostic PCR and DNA sequencing. Transcriptional analysis. The transcriptional start point of the antisense cwlO transcript was mapped by 5=-end rapid amplification of cDNA ends (RACE) using total RNA (2 g) isolated from strain 168 in postexponential phase (T 2 ) grown in LPDM. Primer yvcEASSP1 was used for first-strand cDNA synthesis, and primers yvcEASSP2 and yvcEASSP3B were used for subsequent nested amplification and sequencing according to the instructions in the 5=/3= RACE second-generation kit (Roche). Direct sequencing of the final amplicon identified the transcriptional start point downstream of canonical SigB promoter elements.
Primer extension analysis was used to identify the site at which the cwlO leader sequence is processed. Primer extensions were performed with 10-g total RNA samples isolated from strains 168, DN3000, CCB034, CCB078, and CCB294 grown with and without IPTG (isopropyl-␤-D-thiogalactopyranoside) inducer as required. Primers yvcEPE4, yvcEPE5, and yvcEPE7 were labeled with 32 P ATP and used to synthesize first-strand cDNA using SuperScript III reverse transcriptase as previously described (25) .
Northern analysis was performed with total RNA isolated as previously described (25) . To measure mRNA half-life, rifampin was added to cultures at a final concentration of 125 g/ml and samples harvested at the designated times thereafter. Total mRNA was prepared, separated by electrophoresis, and transferred to nylon membranes, and cwlO mRNA and ascwlO mRNA were visualized using digoxigenin-labeled riboprobes. Riboprobes to selectively detect the sense and antisense transcripts were generated using template fragments amplified by PCR with T7 RNA polymerase using primers yvcEprobe fwd/yvcEprobe rev(T7) and ASprobefwd(T7)/ASproberev and T7 RNA polymerase according to the instructions in the Roche Northern kit.
Protein analysis. CwlO protein without a signal sequence was purified from E. coli strain BL21(DE3) harboring plasmid pLIS012. A DNA fragment carrying the required region of cwlO was amplified by PCR using primer pair yvcE5=fwd(NdeI)/yvcEpET3= and was inserted into the NdeI/ XhoI sites of pET21b to generate plasmid pLIS012. Protein expression was performed as described by Howell et al. (26) .
Western blot analysis was carried out essentially as previously described (26) . Culture aliquots were harvested at the indicated time points and centrifuged to separate the cells from the medium. The protein content of cell lysates was quantitated using the bicinchoninic acid (BCA) protein assay kit (Novagen). Proteins in the medium samples were precipitated with ice-cold trichloroacetic acid (10% [vol/vol] final concentration), and the pellet was washed twice with ice-cold acetone and resuspended in King-Laemmli (27) sample buffer. The amount of precipitated protein loaded onto each lane of the gel was normalized to units of optical density at 600 nm (OD 600 ) multiplied by volume.
Polyclonal antiserum was raised against purified CwlO protein in New Zealand White rabbits according to the standard procedure used by Dundee Laboratories (Dundee, Scotland). The CwlO antibody was affinity purified using CwlO antigen coupled to CnBr-activated Sepharose as previously described (26) .
LTQ-Orbitrap Velos MS for identification of CwlO peptides. The extracellular proteome analysis was performed for wild-type B. subtilis grown in complete medium and harvested during the exponential growth phase at an OD 540 of 0.8 and 1 h after transition into the stationary phase as described previously (28) . The 25-kDa CwlO processing product and the 50-kDa CwlO protein were cut from the extracellular proteomes of exponential-and stationary-phase cells, respectively, and trypsin digested as described by Chi et al. (29) . Tryptic peptides were subjected to reversedphase column chromatography (self-packed C 18 acetic acid) over a period of 100 min with a flow rate of 300 nl/min. Mass spectrometry (MS) and tandem MS (MS/MS) data were acquired with the LTQ-Orbitrap Velos mass spectrometer (Thermo Fisher Scientific) equipped with a nanoelectrospray ion source as described previously (28) . CwlO was identified by searching all MS/MS spectra in "dta" format against a B. subtilis targetdecoy protein sequence database (30) that was extracted from UniprotKB release 12.7 using Sorcerer-SEQUEST (SEQUEST v. 2.7 rev. 11 Thermo Electron including Scaffold_3_00_02; Proteome Software Inc., Portland, OR). The SEQUEST search was carried out with following parameters: a parent ion mass tolerance of 10 ppm and a fragment ion mass tolerance of 1.00 Da. Up to two tryptic miscleavages were allowed. Methionine oxidation (ϩ15.
RESULTS
The RNA leader sequence acts negatively to regulate cwlO expression. There are several features of the cwlO locus that suggest its expression is regulated by mechanisms in addition to WalRKmediated control (Fig. 1A) . Here we have focused our investigation on the 187-nucleotide cwlO leader sequence that is predicted by the mFold program to form a secondary structure as shown in Fig. 1B (31) . To determine its contribution to cwlO expression, five transcriptional green fluorescent protein (GFP) gene fusions were constructed (P A gfp to P E gfp), each with increasing lengths of leader sequence extending beyond the 3= end of the promoter region. The P A gfp fusion (strain DN2021) has the complete cwlO promoter and no leader sequence (red sequence in Fig. 1C ). The P B gfp (strain DN2070), P C gfp (strain DN2071), P D gfp (strain DN2072), and P E gfp (strain DN2073) fusions have the complete cwlO promoter (red sequence) plus 60 bp (blue sequence), 122 bp (blue and green sequences), 146 bp (blue, green, and orange sequences), and 172 bp (blue, green, orange, and purple sequences), respectively, of the leader sequence fused to the gfpmut3 reporter gene (Fig. 1B and C) . The leader sequence in P E gfp excludes the cwlO ribosome binding site (i.e., is shortened by 13 bp) to ensure that it is translated using the GFP gene ribosome binding site like the other fusions (Fig. 1C) . Similar colors indicate the position of each sequence within the structure of the leader region (Fig. 1B) . In exponentially growing cells, the P E gfp fusion (which contains the entire leader sequence) is expressed at a maximum level of ϳ100 to 200 activity units, whereas the P A gfp fusion (with no leader sequence) is expressed at a level of ϳ800 to 1,000 activity units (Fig. 1D, panels i and v) . Importantly, expression of both fusions is still confined to exponentially growing cells, and it decreases to a very low level at the onset of stationary phase. Thus, the leader sequence has a negative effect on the level of cwlO expression but does not affect its temporal regulation.
Expression of the P B gfp fusion (ϳ800 activity units) is similar to that of P A gfp, showing that the blue leader region alone has little effect on cwlO expression (Fig. 1D, panel ii) . However, addition of the green leader region (P C gfp fusion) reduces maximal expression 2-fold (ϳ400 activity units), while addition of the orange leader region (P D gfp) further reduces maximal expression to the same level as for the P E gfp fusion that has the complete leader sequence (Fig. 1D, panels iii, iv, and v) . We conclude that there is a regulatory element partly or completely located within the green/orange region of the leader sequence that acts to decrease cwlO expression in exponentially growing cells.
The leader sequence destabilizes the cwlO mRNA. To determine the mechanism by which the leader sequence negatively regulates expression, the abundances of cwlO transcript in wild-type strain 168 and in strain DN3000 (leaderless cwlO) were established. Our results ( Fig. 2A) show that the leaderless cwlO transcript accumulates to a significantly higher level in DN3000 cells than does the wild-type transcript in strain 168 cells, a feature that is particularly evident at the 220-and 250-min points of exponential growth. This suggests that the leader sequence destabilizes the cwlO transcript. To test this hypothesis, the half-lives of the wildtype and leaderless cwlO transcripts in exponentially growing cells were measured. Our results (Fig. 2B) show that the wild-type cwlO transcript is very unstable, with a half-life of ϳ1 min (left panel). In contrast, the leaderless cwlO transcript (strain DN3000) is very stable, with only a small decrease in transcript level during the first 4 min of the experiment (right panel). However, the transcript level decreases more rapidly thereafter, perhaps due to prolonged exposure to rifampin. A transcript half-life of ϳ6 min is estimated for the duration (8 min) of the experiment. These results show that the leader sequence destabilizes the cwlO transcript in exponentially growing cells.
The cwlO transcript is destabilized by RNase Y cleavage at a stem-loop structure within the leader sequence. The potential of the leader sequence to form secondary structure suggests that it may play a role in processing of the cwlO transcript. This hypothesis was tested by primer extension analysis using primers located within the cwlO open reading frame (Fig. 3A) . Two reverse transcripts were observed (Fig. 3A, WT) : the larger transcript (TS) initiates at the base expected for transcription from the WalRKactivated A -type promoter previously reported by Bisicchia et al. (9) , while the smaller transcript (CS) initiates within the leader sequence, beginning with the sequence UAAAC located in SL2 (Fig. 1B) . We have shown by transcriptional fusion analysis that the sequence between the Ϫ10 motif of the A -type promoter and the cwlO initiation codon does not contain a promoter (Fig. 1C  and data not shown) . Therefore, we conclude that the CS band corresponds to cleavage of the cwlO leader at the ACCA/UAAA sequence (Fig. 1B) . These reverse transcript endpoints (TS and CS) were verified with three separate primers (data not shown). A satisfying feature of this result is that the CS cleavage site is positioned within the region from nt 62 to 120 (green) of the leader, which was shown by transcriptional fusion analysis to be important for reduction of the cwlO transcript level during exponential growth (Fig. 1) . Furthermore, both the location and nucleotide sequence of the B. subtilis cwlO CS cleavage site are conserved in the leader sequences of orthologues in Bacillus amyloliquefaciens and Bacillus atrophaeus (data not shown).
Primer extension analysis was also performed with RNA isolated from strain DN3000 (expressing the leaderless cwlO). A single reverse transcript (TS⌬L) was observed, which initiates at the base expected for transcription from the previously identified Atype promoter and is consistent with precise deletion of the expected 141 bases of the cwlO leader sequence. In agreement with the Northern analysis, the intensity of the reverse transcript generated with RNA harvested from DN3000 (leaderless cwlO) cells is higher than that generated with RNA from wild-type 168 (cwlO with leader) cells, despite transcription of both cwlO genes being directed by the same WalRK-controlled promoter (Fig. 3A) . This primer extension analysis confirms that transcription of both the wild-type and leaderless cwlO transcripts initiates at the WalRKcontrolled A -type promoter and that control of cellular cwlO RNA levels occurs posttranscriptionally.
The putative RNA cleavage site (ACCA/UAAA) is located within a small stem-loop structure positioned between stem-loop structures SL1 and SL2 (Fig. 1B) . To identify the RNase that cleaves the leader at this position, we performed primer extension analysis on RNA from strains depleted of RNase J1 (CCB034 P spac rnjA) or RNase Y (CCB294 P spac rny) or with RNase J2 deleted (CCB078 ⌬rnjB). The results shown were obtained with oligonucleotide yvcEPE7 (Fig. 3B) primer extension analysis also reveals that RNase Y cleavage results in a smear of bands initiating around the cleavage site (e.g., see CS in lane J1ϩ or J2 in Fig. 3B ) that contrasts with the discrete band observed for the initiation point (TS) of transcription ( Fig.  3A and B) . It is likely that RNase Y either cleaves the leader sequence at several adjacent bases or cleaves at a single position which is then subject to exonucleolytic cleavage.
To establish if RNase Y cleavage within the leader sequence is the cause of cwlO transcript instability, we compared the half-lives of cwlO mRNA in wild-type strain 168 and in a strain (CCB423 ⌬rny) with the rny gene deleted. The full-length transcript has a half-life of ϳ1 min in wild-type cells but of ϳ4 min in the strain with rny deleted. It is clear that the cwlO message is stabilized in a strain lacking RNase Y (Fig. 3C) . It is unlikely that the poor growth of strain CCB423 (⌬rny) is the cause of cwlO transcript stabilization, since stabilization is also observed in strain DN3000, which grows at the same rate as wild-type strain 168.
We conclude that the cwlO mRNA is destabilized in vivo by RNase Y cleavage of the leader sequence at, or in the vicinity of, the ACCA/UAAA sequence.
Heterogeneous antisense cwlO transcripts are expressed from a B -type promoter in stationary-phase cells. Transcriptome analysis of phosphate-limited cells suggested the presence of an antisense transcript that may be expressed from a putative Btype promoter located downstream of the cwlO terminator (15, 18) . This suggests an involvement of antisense RNA in regulating CwlO expression under stress conditions (Fig. 4A) (15, 18, 32) . This was investigated by Northern analysis of RNA harvested from cells throughout a phosphate limitation cycle. The results show expression of antisense cwlO transcripts of heterogeneous length beginning at the onset (T 0 ) of phosphate limitation (Fig. 4B) . The two smaller transcripts (ϳ700 and ϳ1,200 nucleotides) terminate within the cwlO open reading frame, while the two larger transcripts (ϳ1,700 and ϳ2,200 nucleotides) extend beyond the cwlO control region into the upstream yvcD gene. The antisense transcript is not observed when the putative B -type promoter is deleted (strain LS047) (Fig. 4B) or in a strain with the sigB gene deleted (PB344) (data not shown), confirming that it is transcribed by an RNA polymerase B holoenzyme. In summary a heterogenous population of cwlO antisense RNA transcripts, the larger of which extends upstream from the cwlO promoter region, is expressed from a B -type promoter in phosphate-limited cells.
CwlO protein levels are regulated by the cwlO mRNA leader. We next sought to determine the contribution of the cwlO mRNA leader sequence to cellular CwlO protein levels. This was established by Western blot analysis using a CwlO-specific antibody. When growth is in HPDM or LPDM, the level of cell-associated CwlO protein is significantly higher in strain DN3000 (leaderless cwlO) than in wild-type strain 168 (Fig. 5A and B ). Moreover, this high level in strain DN3000 results in CwlO being cell associated for longer after the onset of phosphate limitation, albeit at a low Primer extension analysis was performed using primer PE4 on RNA extracted from exponentially growing cultures of the following strains: WT, wild-type strain 168; J1ϩ, CCB034 (P spac rnjA) with IPTG; J1Ϫ, CCB034 (P spac rnjA) without IPTG; Yϩ, CCB294 (P spac rny) with IPTG; YϪ, CCB294 (P spac rny) without IPTG; J2, CCB078 (⌬rnjB). Reverse transcripts were electrophoresed adjacent to a sequencing ladder (GATC). TS and CS are specified in panel A. (C) The contribution of RNase Y to cwlO transcript stability was determined by measuring the half-life of the transcript after addition of rifampin to exponentially growing wild-type (WT168) and ⌬rny (CCB423) cells. The level of RNA was determined by Northern analysis.
level. This shows that increased transcript stability extends the period of CwlO cell association (Fig. 5B) . Two forms of CwlO accumulate in the growth media of exponentially growing cells of wild-type strain 168 and strain DN3000 (Fig. 5C ). The bulk of secreted CwlO protein is similar in size (ϳ50 kDa [note that CwlO migrates anomalously on SDS-polyacrylamide gels]) to the cell-associated protein.
Mass spectrometry analysis shows that it lacks only the signal sequence, with the preprotein probably being cleaved at ASA (amino acids 28 to 30). The second CwlO species is ϳ25 kDa in size and is detected only in the medium of exponentially growing cells, but it increases when CwlO is overexpressed (Fig. 5C ). It is generated by cleavage of CwlO in the vicinity of amino acid 274, a processing event that separates the N-terminal (amino acids 1 to 290) and catalytic (amino acids 343 to 473) domains. Mass spectrometry analysis shows that the ϳ25-kDa species comprises the carboxy-terminal NlpC/P60 domain that encodes the endopeptidase activity. Deletion of the cwlO leader sequence (DN3000) increases the level of the two species that accumulate in the medium, consistent with increased stability of the leaderless cwlO transcript (Fig. 5C ).
An intact CwlO N-terminal domain is essential for function but not for cell association in vivo. To establish how the N-terminal domain and polyserine domain (a domain also present in the LytF autolysin that may contribute to cell wall binding [33] ) contribute to CwlO accumulation in the cell and the medium, three strains were constructed, each expressing a CwlO variant. Strains DN3025 (CwlO⌬N1, with amino acids 52 to 102 deleted) and DN3027 (CwlO⌬N3, with amino acids 231 to 288 deleted) express CwlO variants with deletions in the amino-terminal region, while strain DN3020 (CwlO⌬PS, with amino acids 295 to 332 deleted) expresses a CwlO variant with the polyserine domain deleted. We repeatedly failed to construct a strain with amino acids 145 to 201 deleted. Taking advantage of the synthetic lethality of CwlO and LytE (9, 10), we tested the functionality of the CwlO variants by attempting to delete lytE in each strain. This was successfully achieved only in strain DN3020 (CwlO⌬PS), showing that normal CwlO function in vivo requires an intact N-terminal domain but that the polyserine domain is dispensable.
We tested each CwlO variant for cell association and the kinetics of its accumulation in the medium. Aliquots from exponentially growing cultures were washed and resuspended in the same volume of fresh growth medium. Samples were then prepared from cells and from the medium at specific time intervals, and CwlO levels were determined by Western analysis using a CwlOspecific antibody. At 30 min after resuspension, the level of each CwlO variant protein that is cell associated and that has accumulated in the medium is similar to that observed for the wild-type protein (Fig. 5D) . The cell-associated CwlO⌬N1 protein variant is processed differently from the other proteins, with the unique cell-associated processed species not detected in the medium, suggesting that it either is secreted or is unstable in the medium. We conclude that despite being nonfunctional, the CwlO⌬N1 and CwlO⌬N3 variants associate with the cell and accumulate in the medium similarly to wild-type CwlO protein. Thus, an intact Nterminal domain is essential for CwlO function in vivo but does not significantly influence cell association or secretion into the medium.
Phenotypic analysis of strains mutated in cwlO regulation. The extent to which CwlO expression is regulated shows the importance of controlling its cellular level and activity. Therefore, we sought to assess the contribution of transcript destabilization and antisense RNA expression to CwlO cellular function. Our results show that the growth profile and cellular morphology of strains are unaffected by transcript stabilization (DN3000, leaderless cwlO), by abolition of the cwlO antisense RNA (LS047, ⌬P sigB ) or when both of these features are combined (data not shown). Furthermore, no significant phenotype was observed when each of these mutations was combined with deletion of lytE.
Since the sense and antisense cwlO RNA transcripts are normally expressed during exponential growth and stationary phase, respectively, we tested whether expression of the cwlO antisense RNA affects the transition between these two growth phases. Overnight cultures (ϳ16 h of growth in LB at 37°C with shaking) of wild-type strain 168 and strain LS047 (with the SigB promoter deleted) were used to inoculate fresh medium, and growth was monitored. We consistently observe that strain LS047 begins exponential growth earlier than wild-type strain 168, suggesting that the cwlO antisense transcript influences exit from the stationaryphase state (see Fig. S1 in the supplemental material).
In view of the role played by CwlO and LytE in cell wall metabolism, we tested the susceptibility to five cell wall-acting antibiotics (bacitracin, vancomycin, penicillin G, fosfomycin, and D-cycloserine) and to lysozyme of strains (i) expressing a stabilized transcript, (ii) unable to express the cwlO antisense RNA alone, and (iii) with each feature in combination with deletion of ⌬lytE as described in Materials and Methods. Neither cwlO regulatory mutation significantly affected susceptibility to any of the antibiotics or to lysozyme. However, all strains harboring a ⌬lytE mutation (i.e., that express only the CwlO autolysin) are more susceptible to bacitracin and fosfomycin, the two antibiotics that inhibit the intracellular steps of lipid II synthesis. This suggests that cwlO expression, and hence WalRK activation, is sensitive to the intracellular levels of peptidoglycan metabolic intermediates (data not shown).
In summary, removal of the cwlO leader sequence and of the capability to synthesize a cwlO antisense transcript has little phenotypic impact.
DISCUSSION
cwlO message instability makes cellular CwlO protein levels sensitive to growth conditions. We report that the cwlO transcript is very unstable, with a half-life of approximately 1 min, in exponentially growing cells. The instability is caused by RNase Y cleavage at an ACCA/UAAA site within the 187-nucleotide leader sequence ( Fig. 1B and 4) . The RNase Y endoribonuclease is a global regulator of RNA stability that influences the abundance of ϳ1,000 transcripts and generally increases half-lives approximately 4-fold (34, 35) . Deletion of the cwlO leader sequence or of the rny gene stabilizes the message and increases the amount of CwlO protein expressed. This is manifest in increased levels of CwlO protein both cell associated ( Fig. 5A and B) and accumulated in the medium (Fig. 5C ). We consistently observe CwlO protein associated with phosphate-limited cells for longer periods when the RNA transcript is stabilized. This suggests that by lowering the level of CwlO protein, transcript destabilization may function to restrict CwlO endopeptidase activity to actively dividing cells.
A second consequence of a highly unstable transcript is that it makes cwlO expression highly responsive to the conditions that activate the WalRK two-component signal transduction system, its only known transcriptional regulator (9, 14) . When WalRK is active, cwlO transcript is expressed at a high level. However, the level of cwlO mRNA will be reduced to a low cellular level within a very short period of WalRK deactivation due to its high instability. This is evident in the very rapid loss of cell-associated CwlO protein when cells become phosphate limited, a condition of greatly reduced WalRK activity. Thus, RNase Y-mediated initiation of cwlO transcript degradation is not regulatory in the sense that message stability varies under different growth or environmental conditions; it is not thought that cellular RNase Y activity varies significantly (34) . However, extreme transcript instability makes protein production highly responsive to transcriptional initiation, in this instance making CwlO protein production highly responsive to the conditions that (de)activate the WalRK two-component system. Thus, transcript instability contributes to the overall regulation of CwlO and its cellular function, as outlined below (5, 6, 9) .
It is interesting that RNase Y-mediated control of cwlO transcript stability was not reported in any of three recent global studies (35, 36, 37) . However, a close examination of the global transcript profiles obtained using tiled arrays (see Fig. S1 in reference 37) shows that upon RNase Y depletion, the signal at the 5= end of the cwlO transcript increases while the signal at the 3= end of the transcript is unaffected. This suggests that under normal conditions, RNase Y cleavage of the cwlO transcript generates two transcripts, with the released fragment of the leader sequence being particularly unstable (38) . In support of this interpretation, RNase Y also appears to have a differential effect on degradation of the 5= and 3= ends of the srfAA single-cistron transcript (see Fig. S1 in reference 37). RNase Y depletion results in an increased signal for a short region at the 5= end of the srfAA transcript without affecting the signal for the remainder of this very long transcript. Crucially, Nicolas et al. (18) have reported that srfAA (like cwlO) has a 300-nucleotide 5= leader sequence (named S126) with the capability to form secondary structure. We posit that the S126 region of srfAA may also be a target for RNase Y cleavage, similar to that seen for cwlO. Thus, the failure to identify RNase Y processing of the cwlO and srfAA transcripts in these global studies may be due to RNase Y cleavage of some transcripts leading to the generation of RNA fragments that are differentially sensitive to further degradation. Thus, the difference in the total signal for each cistron in RNase Y-replete and -depleted cells may fall below the significance threshold applied (35, 36, 37) . These observations suggest that additional details on the cellular role of RNase Y remain to be established. CwlO D,L-endopeptidase: a highly regulated enzyme. Autolysins have the potential to disrupt the integrity of the cell wall, with potentially lethal consequences. For example, unregulated cwlO transcription, generated by a constitutively active WalR response regulator, compromises the integrity of the cell wall to the extent that protoplasts emerge from the sacculus in isotonic medium (39, 40) . The degree of control required to allow normal autolysin function without compromising cell viability is strikingly illustrated by the multiplicity of controls on CwlO expression and enzyme activity. Transcription of cwlO is activated by the WalRK two-component signal transduction system, its only know transcriptional regulator, under conditions conducive to cell growth (9) . The cwlO transcript is highly unstable, ensuring that transcript is present and CwlO protein is produced only when WalRK is activated (this study). Transcript stability and/or translation may also be regulated by production of an antisense cwlO transcript under stress conditions (this study). We were unable to achieve clear and reproducible results by producing the cwlO sense and antisense transcripts in exponentially growing cells concomitantly (data not shown). However, cells unable to produce an antisense transcript exit the lag phase and resume exponential growth more rapidly, suggesting that it may play a regulatory role under specific growth conditions (see Fig. S1 in the supplemental material). CwlO is rapidly secreted from the cell, as shown by the rapid disappearance of cell-associated protein upon the onset of phosphate limitation (this study). Furthermore, CwlO is enzymatically active only when associated with the FtsEX ATP-like transporter, which is positioned within the membrane and requires ATP hydrolysis (5, 6). These requirements not only restrict CwlO enzymatic activity to the membrane-proximal layer of peptidoglycan but also ensure that the secreted enzyme is inactive (D. Noone and K. M. Devine, unpublished results). Moreover, a limiting cellular level of FtsEX may explain why increasing the cellassociated CwlO has little phenotypic consequence, with excess protein being secreted from the cell without being activated. While the CwlO N-terminal domain is important for function and required for interaction with FtsEX, it does not appear to play a role in retaining CwlO in the cell. Finally, the cellular location of CwlO enzymatic activity is restricted by its dependence on FtsEX and the actin-like protein Mbl (5, 6) . This multiplicity of control mechanisms ensures that the CwlO D,L-endopeptidase enzyme is active only at specific cellular locations and under specific growth conditions.
